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ABSTRACT
Stellar feedback from high-mass stars (e.g., Hii regions) can strongly influence the surrounding interstellar medium
and regulate star formation. Our new ALMA observations reveal sequential high-mass star formation taking place
within one sub-virial filamentary clump (the G9.62 clump) in the G9.62+0.19 complex. The 12 dense cores (MM
1-12) detected by ALMA are at very different evolutionary stages, from starless core phase to UC Hii region phase.
Three dense cores (MM6, MM7/G, MM8/F) are associated with outflows. The mass-velocity diagrams of outflows
associated with MM7/G and MM8/F can be well fitted with broken power laws. The mass-velocity diagram of SiO
outflow associated with MM8/F breaks much earlier than other outflow tracers (e.g., CO, SO, CS, HCN), suggesting
that SiO traces newly shocked gas, while the other molecular lines (e.g., CO, SO, CS, HCN) mainly trace the ambient
gas continuously entrained by outflow jets. Five cores (MM1, MM3, MM5, MM9, MM10) are massive starless core
candidates whose masses are estimated to be larger than 25 M⊙, assuming a dust temperature of ≤ 20 K. The
shocks from the expanding Hii regions (“B” & “C”) to the west may have great impact on the G9.62 clump through
compressing it into a filament and inducing core collapse successively, leading to sequential star formation. Our findings
suggest that stellar feedback from Hii regions may enhance the star formation efficiency and suppress the low-mass
star formation in adjacent pre-existing massive clumps.
Corresponding author: Tie Liu
liutiepku@gmail.com
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1. INTRODUCTION
As the principal sources of heavy elements and
UV radiation (Zinnecker & Yorke 2007), high-mass
stars play a major role in the evolution of galaxies.
However, the formation and evolution of high-
mass stars are still unclear. There are two most
promising models to account for high-mass star
formation. One is called Turbulent Core Accretion
(Yorke & Sonnhalter 2002; McKee & Tan 2003;
Krumholz, McKee & Klein 2005, 2006), and the
other Competitive Accretion (Bontemps et al. 1996;
Bonnell et al. 2002; Bonnell & Bate 2006; Bonnel
2008). The difference between the two models lies
primarily in how and when the mass is gathered to
form the massive star. The former suggests that high-
mass stars form directly from isolated massive gas
cores, as do isolated low-mass stars, but with a much
larger accretion rate. The latter claims that the initial
fragmentation of a clump results in dense cores that
have masses typical of the thermal Jeans, while high-
mass stars form in the central cores through competing
for interclump gas with the other off-center cores. In
the Turbulent Core Accretion model, the individual
cores are the gas reservoir and will gravitationally
collapse, but the bulk of the gas will not. Therefore,
the Turbulent Core Accretion model predicts the
existence of massive starless cores to form high-mass
stars through monolithic collapse. In contrast, the
Competitive Accretion model predicts the cloud gas
is free to be accreted due to a common potential.
Thus global collapse at clump/cloud scale may happen
in the Competitive Accretion model but not in the
Turbulent Core Accretion model. The discovery of
global collapse in highly fragmented massive clumps
with the most massive cores residing at their center
may support the Competitive Accretion model (e.g.,
Liu et al. 2013a,b; Peretto et al. 2013; Zhang et al.
2009; Zhang & Wang 2011; Zhang et al. 2015). In
contrast, the detection of Keplerian-like disks around
the forming OB stars strongly indicates that high-
mass stars may form in a similar way as their low-
mass counterparts (e.g., Zhang, Hunter & Sridharan
1998; Keto & Zhang 2010; Johnston et al. 2015;
Chen et al. 2016).
Although very promising, neither the Turbulent Core
Accretion model nor the Competitive Accretion model
takes account of stellar feedback from massive stars,
which can strongly influence the surrounding interstellar
medium and regulate star formation through photoioniz-
ing radiation, energetic winds, or supernova explosions.
The expansion of shock front (SF) that emerges around
massive stars can compress the ISM, triggering star
formation in very dense layers (Elmegreen & Lada
1977; Whitworth et al. 1994a,b). This so-called
“collect and collapse” process can self propagate and
lead to sequential star formation (Elmegreen & Lada
1977; Whitworth et al. 1994a,b). The “collect and
collapse” process has been revealed in the borders
of several Hii regions evidenced by fragmented shells
or sequential star formation (Deharveng et al. 2003;
Deharveng, Zavagno, & Caplan 2005; Zavagno et al.
2006, 2007; Deharveng et al. 2008; Pomare`s, M. et al.
2009; Petriella et al. 2010; Brand et al. 2011; Liu et al.
2012, 2015, 2016a). Thompson et al. (2012) estimated
that the fraction of massive stars in the Milky Way
formed by triggering processes could be between 14
and 30 per cent through studying a large sample of
infrared bubbles. However, recent numerical simulations
indicate that the ages and geometrical distribution of
stars relative to the feedback source or feedback-driven
structure (e.g. shells, pillar structures), may be not
substantially helpful in distinguishing triggered star
formation from spontaneous star formation (Dale et al.
2015). In addition, in most of those previous studies,
the fragmented shells surrounding the Hii regions are
not dense enough to form a new generation of high-
mass stars. Can high-mass star formation be triggered?
To answer this question, detailed studies of massive
clumps (the birth places of high-mass stars) near
feedback sources (Hii regions or Supernova remnants)
are urgently needed.
THE G9.62+0.19 COMPLEX
Located at a distance of 5.2 kpc (Sanna et al. 2009),
the G9.62+0.19 complex contains a cluster of radio
continuum sources (denoted from A-I), which are at
different evolutionary stages (e.g., Extended Hii region
“A”, Cometary-shaped Hii region “B”, compact Hii
region “C”, Ultra compact Hii region “D & E” and hot
molecular core “F”; Garay et al. 1993; Testi et al. 2000;
Liu et al. 2011). Sequential high-mass star formation
is taking place in the G9.62+0.19 complex (Hofner et al.
1994, 1996; Hofner, Wiesemeyer, & Henning 2001;
Testi et al. 2000; Liu et al. 2011). The youngest
sources are located in a clump to the east of the
evolved Hii regions (Liu et al. 2011). Therefore, the
G9.62+0.19 complex is an ideal target to study the effect
of stellar feedback on new generations of high-mass star
formation.
Figure 1 shows the Spitzer/IRAC three color (8
µm in red, 4.5 µm in green, and 3.6 µm in blue)
composite image of the G9.62+0.19 complex. The
red contours represent the Spitzer/IRAC 8 µm
polycyclic aromatic hydrocarbon (PAH) emission, which
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Figure 1. Spitzer/IRAC 3-color composite image (8 µm in
red, 4.5 µm in green, and 3.6 µm in blue) of the G9.62+0.19
complex. The Spitzer/IRAC 8 µm emission is also shown
in red contours. The contour levels are [0.1, 0.2, 0.3,0.4,0.5,
0.6, 0.7,0.8,0.9]×2550 MJy/sr. The JCMT/SCUBA 450 µm
emission from the G9.62 clump is shown in white contours.
The contour levels are [0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9]×96
Jy/beam. A, B and C are the three evolved Hii regions.
traces the photodissociation regions (PDRs) of the
evolved Hii regions (radio sources “A”, “B” and “C”,
Garay et al. 1993). The white contours show the 450
µm continuum emission from JCMT/SCUBA, which
traces the dust emission from the new high-mass
star forming region (e.g., Hofner et al. 1994, 1996;
Hofner, Wiesemeyer, & Henning 2001; Testi et al.
2000; Liu et al. 2011). Hereafter we call the region
traced by 450 µm continuum emission the G9.62 clump.
New generations of high-mass young stellar objects
(YSOs) are forming in the G9.62 clump. The G9.62
clump has a mean number density of ∼ (9.1± 0.7)× 104
cm−3, a mass of ∼ 2800 ± 200 M⊙ and a luminosity
of ∼ (1.7 ± 0.1) × 106 L⊙ (see APPENDIX A). The
G9.62 clump is located to the east of the evolved Hii
regions and is surrounded by their PDRs. In addition,
the G9.62 clump is associated with extended 4.5 µm
emission, which may indicate the existence of shocked
H2 emission. The G9.62 clump may be compressed by
the shocks induced from the evolved Hii region. It is
very clear that large-scale (parsec scale) sequential high-
mass star formation is taking place from west to east in
the G9.62+0.19 complex (e.g., Liu et al. 2011).
In this work, we study the interaction between the
evolved Hii regions (“A”, “B” & “C”) and the G9.62
clump. Particularly, we thoroughly investigate the
fragmentation and outflows in the G9.62 clump from the
high resolution and high sensitivity ALMA observations.
2. OBSERVATIONS
2.1. ALMA Observations
The observations (Project ID: 2013.1.00957.S) of the
G9.62+0.19 complex were conducted with ALMA on
2015 April 27 in its compact configuration with a total
of 39 antennas in the 12-m array; on 2015 May 24 in its
extended configuration with a total of 34 antennas in
the 12-m array; and on 2015 May 04 with 10 antennas
in the 7-m array. Quasar J1733-1304 was observed for
phase and bandpass calibrations in the observations
with the extended configuration of 12-m array and
also in the observations with the 7-m array. In the
observations with the compact configuration of the
12-m array, Quasars J1517-2422 and J1733-1304 were
used for bandpass calibration and phase calibration,
respectively. Neptune, Titan and Quasar J1733-130
were used for flux calibration in the observations with
the extended configuration of the 12-m array, compact
configuration of the 12-m array and the 7-m array,
respectively. We used two pointings to cover the whole
region of the target (see Figure A3 in APPENDIX). One
phase reference center was R.A.(J2000)=18h06m14s.67
and decl.(J2000)=−20◦31′31′′.91, and the other was
R.A.(J2000)=18h06m14s.90 and decl.(J2000)=−20◦31′40′′.21.
The observations employed the Band 6 (230 GHz)
receivers with dual-polarization mode. We used five
spectral windows with a bandwidth of 117 MHz in each
window and another spectral window with a bandwidth
of 234 MHz to cover multiple lines such as CO (2-1),
SiO (5-4), CH3OH vt=1 (61,5 − 72,6) and H30α. The
spectral windows have a uniform channel width of 61
KHz (or 0.08 km s−1), which is chosen to resolve any
velocity gradients caused by bulk motions or keplerian
rotation. We smoothed the spectra lines to 0.16 km s−1
spectral resolution in data analysis, which is high enough
to resolve line profiles with expected linewidths of ∼5
km s−1 (Liu et al. 2011).
The visibility data were calibrated in CASA by the
ALMA supporting staff. We examined the calibration.
We used updated antenna positions and fixed resolved
flux calibrators. The visibility data from the three
configurations were combined in CASA. The largest
recoverable scale (LAS) in the combined data is ∼ 20′′,
which is much larger than the typical core sizes (∼0.1
pc; or 4′′ at 5.2 kpc). The LAS is also larger than the
outflow extends (∼ 10′′, see section 3.3) in the G9.62
clump. Therefore, although no single dish data included
in the combination, the missing flux is not a severe
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problem for analyzing the properties of dense cores or
outflows in this work. We construct continuum visibility
data using the line-free spectral channels with a total
bandwidth of 350 MHz and applied self-calibration on
the continuum in order to further improve the dynamical
range in the maps. The gain solutions from the self-
calibration were applied to the spectral line data. The
continuum image reaches a 1σ rms noise of 0.8 mJy in a
synthesized beam of 0′′.94×0′′.71 (P.A.=80.25 deg). For
molecular lines, we only focused on SiO (5-4), CO (2-1),
and CH3OH vt=1 (61,5 − 72,6) in this work. The rest
frequencies of SiO (5-4), CO (2-1), and CH3OH vt=1
(61,5−72,6) lines are 217.10498, 230.53800 and 217.29920
GHz, respectively (obtained from Splatalogue catalog;
for line identification, we refer to Zernickel et al. 2012).
The synthesized beams for SiO (5-4), CO (2-1) and
CH3OH vt=1 (61,5 − 72,6) lines are 1′′.02 × 0′′.75
(P.A.=84.97 deg), 0′′.94 × 0′′.73 (P.A.=87.02 deg) and
0′′.99 × 0′′.72 (P.A.=75.42 deg), respectively. The 1σ
rms noise for lines is ∼10 mJy/beam per 0.16 km s−1
channel.
2.2. [Ne ii] observations
We observed the Hii regions in the [Ne ii] 12.8 µm
line with the high spectral resolution, mid-IR(5-25 µm)
cross dispersed spectrograph TEXES (Texas Echelon
Cross Echelle Spectrograph, Lacy et al. 2002) on the
3.0 NASA IRTF on Mauna Kea in Hawaii on July 2,
2014. The region covered by [Ne ii] slits is shown
in Figure A3. The observations were carried out in
the high resolution mode of the instrument with the
spectral resolution approximately 4 km s−1. A 1′′
wide, 10′′ long slit was oriented along the north-south
direction in the observations. We scanned the object
from east to west by stepping the telescope with the
step size of 0.7′′. There are 121 steps in each scan.
The scan length was determined so that the telescope
pointing was considered safely far from the Hii region
at the both ends of the scans and additional steps at
the beginning and the end of the scans are available
and can be used to measure the sky background level
and to do sky subtraction. Ten north-south partially
overlapping scans were made. They are offset north-
south by about 5′′. The exposure time for each step in
the scans is 8 seconds. Due to the un-equal coverage of
the declination, the total exposure time for any position
in the field ranges between 8 to 32 seconds. TEXES
measures ambient background and sky flats before each
scan for flux calibration. We should point out that the
sky background subtraction is hard for regions with a
large size and weak emission (e.g., radio source “A”). A
drift in the sky background would cause worse residuals
in baselines of lines. The spikes on the sides of the
[Ne ii] lines in C-e and C-w (see Figure 6) are at the
wavelengths of telluric lines, so must have been due to
drifts in the sky background.
We use a custom FORTAN reduction program
(Lacy et al. 2002) to correct optical distortions, flat-
field, cosmic ray (bad pixel) removal, wavelength
calibration, and flux calibration. The wavelength
calibration is performed with atmospheric lines,
whose wavelengths are obtained from HITRAN
(Rothman et al. 1998). The sky background at each
slit position is linearly interpolated using the sky frames
at the both ends of the scans and subtracted. We
then shift and combine multiple scans by using a cross-
correlation algorithm and form a 2D spatial and 1D
spectral datacube. Finally, the datacube is collapsed
along the spectral dimension to form a map of the [Ne
ii] line emission. The velocity range of the datacube is
from -50 to 50 km s−1, which well covers the [Ne ii] line
emission.
2.3. JCMT C18O (3-2) observations
The C18O (3-2) datacube was obtained from the
JCMT archive and was not published in literatures.
The observations of C18O (3-2) were conducted in May
2011. The HARP, a 16-pixels focal-plane array receiver,
was used in the observations of C18O (3-2). The main
beam efficiency is 0.72. The Auto-Correlation Spectral
Imaging System backend was used in conjunction with
HARP and configured to use a 250 MHz bandwidth with
4096 frequency channels of width 61.0 kHz (or 0.056
km s−1). The rms level per channel is about 0.8 K in
brightness temperature.
3. RESULTS
3.1. ALMA 1.3 mm continuum
The 1.3 mm continuum of the G9.62 clump from
the ALMA observations is shown in the left panel
of Figure 2. The G9.62 clump is dominated by a
highly fragmented filamentary structure extending from
northwest to southeast direction. We identified 12 dense
cores above 5 σ signal level from the 1.3 mm continuum
map. The positions, peak flux, total flux and sizes
of these dense cores were obtained from 2-D Gaussian
fits and presented in Table 1. However, we found that
MM4, MM6, MM8 and MM11 cannot be well fitted with
a single gaussian component because point-like source
emission remains in the residual images. Therefore,
their continuum emission was fitted with a gaussian
component plus a point source. The fitted image and
residual image from 2-D Gaussian fits and point source
fits are presented in the middle panel and right panel
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Figure 2. The 1.3 mm continuum from ALMA observations. The red ellipses represent the dense cores identified from 2-D
Gaussian fit. The black filled ellipse represents the beam. The vertical red line represents a spatial scale of 0.1 pc. The position
of radio source “C” is marked by an arrow. Left panel: observed image, the contours are [-3, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40,
50, 60, 70, 80, 90, 100, 110]×0.8 mJy/beam. As depicted by the yellow dashed curve, the northern part of the G9.62 clump is
very likely bent by the compression of the Hii region “C”. Middle panel: fitted image, the contours are [3, 5, 7, 10, 15, 20, 25,
30, 35, 40, 50, 60, 70, 80, 90, 100, 110]×0.8 mJy/beam. Right: residual image, the contours are [-3, 3, 5]×0.8 mJy/beam.
of Figure 2, respectively. Only 5 of the 12 dense cores
were previously reported. MM4, MM7, MM8 and MM11
are associated with the radio sources “E”, “G”, “F”
and “D”, respectively, which were detected in previous
centimeter and millimeter observations (e.g., Testi et al.
2000; Liu et al. 2011). MM1 was detected in SMA
860 µm continuum observations (Liu et al. 2011). The
other dense cores are newly detected in this work. The
peak coordinates, peak fluxes (Ipeak), total flux densities
(Sν), full width at half maximum (FWHM) deconvolved
major sizes (a), minor sizes (b) and position angles
(P.A.) of the dense cores are summarized in Table 1. The
radii (R) of the dense cores were derived as R =
√
ab
and presented in the 9th column of Table 1. The radii
of the dense cores range from 3000 AU to 10000 AU.
The masses of the dense cores can be derived with
equations (A1) and (A2) in the appendix. The uncer-
tainties of the masses caused by flux density measure-
ments are negligible as determined from the residual
map. The other uncertainties are the dust temperature
Td and β, which are not well known due to the lack
of high angular resolution data from other wavelength
bands. However, the masses only change ∼6% as β
changes from 1 to 2, indicating that the uncertainties
of masses caused by β is also negligible. The main
uncertainties of masses come from the determination of
Td.
We firstly calculate core masses with a Td of 35 K and
β of 1.5, which are determined from the SED fit for the
whole clump (see section 6.2 in the Appendix A). The
derived core masses were presented in the 10th column
of Table 1. The core masses range from 4 to 87 M⊙
with a median value of ∼20 M⊙. The volume densities
of the dense cores range from 0.6×106 to 2.5×107 cm−3
with a median value of 4.4×106 cm−3. Eleven dense
cores are more massive than 10 M⊙. There is a lack of
a widespread low-mass (M≤ 1-2 M⊙) core population in
the G9.62 clump. Considering its high mass sensitivity
(5 σ is ∼0.02 M⊙ assuming Td=35 K and β=1.5) and
high spatial resolution (∼0.025 pc), ALMA should be
very easy to detect low mass cores (with typical mass of
1 M⊙ and radius of 0.1 pc) if they exist.
However, since MM4, MM7, MM8 and MM11 are
either hot cores or Hyper/Ultra compact Hii regions
with centimeter continuum emission (Testi et al. 2000;
Liu et al. 2011) and they also show hot CH3OH emis-
sion (see next section), their Td should be much higher
than the mean value (35 K). Thus, we also calculate
their core masses with a Td of ∼100 K, which is
consistent with the rotational temperature measured
from molecular lines of CH3CN and H2CS (Hofner et al.
1996; Liu et al. 2011). The core masses derived with a
Td of ∼100 K were shown in parentheses of the 10th
column in Table 1. The core masses derived with Td
of ∼100 K become about one third of the core masses
derived with Td of ∼35 K. For the other dense cores
without radio emission and appear to be at earlier
phases (i.e., starless core), we also use a lower dust
temperature of 20 K to estimate their core masses, which
are shown in parentheses in the 10th column of Table 1.
The core masses derived with Td of∼20 K become about
two times larger than the core masses derived with Td
of ∼35 K.
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Table 1. Parameters of the continuum sources
Name RA Offseta DEC Offseta Ipeak
b Sν
c ad bd P.A.d Rd Me ne Radio sourcef
(′′) (′′) (10−2 Jy beam−1) (10−2 Jy) (arcsec) (arcsec) (degree) (103 AU) (M⊙) (10
6 cm−3)
MM1 -4.31(0.07) 7.04(0.06) 1.33(0.09) 9.50 2.61(0.21) 1.53(0.11) -53.8(6.3) 10.4 30.8(60.7) 1.0(1.9)
MM2 -4.08(0.04) 4.40(0.05) 0.58(0.16) 1.24 1.06(0.14) 0.62(0.06) -24.7(26.9) 4.2 4.0(7.9) 1.9(3.8)
MM3 -0.33(0.02) 4.77(0.04) 1.56(0.14) 4.16 1.58(0.10) 0.43(0.02) 0.4(4.1) 4.3 13.5(26.6) 6.1(12.1)
MM4 -1.86(0.18) 3.13(0.11) 2.56(0.14) 22.84 2.58(1.05) 1.05(0.21) -71.3(9.5) 8.6 74.0(23.4) 4.2(1.3) E,Gau
-1.65(0.04) 3.38(0.03) 9.26(0.31) E,Point
MM5 -1.12(0.11) 1.86(0.07) 1.44(0.14) 4.60 1.53(0.24) 0.95(0.16) -86.8(15.8) 6.3 14.9(29.4) 2.2(4.3)
MM6 0.01(0.03) 0.05(0.03) 3.44(0.30) 9.03 1.17(0.08) 0.78(0.04) -5.9(19.0) 5.0 29.3(57.7) 8.5(16.8)
-0.10(0.43) 0.12(0.37) 0.46(0.47)
MM7 0.27(0.03) -2.31(0.03) 3.43(0.18) 5.47 0.75(0.06) 0.43(0.03) -4.5(93.4) 3.0 17.7(5.6) 24.6(7.8) G
MM8 1.08(0.03) -4.64(0.13) 3.91(0.14) 26.72 2.70(0.52) 0.67(0.03) 4.6(2.6) 7.0 86.6(27.4) 9.1(2.9) F,Gau
1.26(0.03) -4.50(0.02) 8.08(0.30) F,Point
MM9 3.50(0.08) -6.37(0.04) 2.70(0.18) 4.21 0.71(0.09) 0.51(0.06) -70.9(15.8) 3.1 13.6(26.9) 15.9(31.4)
MM10 2.16(0.11) -6.50(0.13) 1.86(0.12) 6.72 1.71(0.23) 0.93(0.15) -33.0(17.8) 6.6 21.8(42.9) 2.8(5.4)
MM11 2.17(0.07) -8.59(0.16) 1.97(0.12) 24.94 2.14(0.22) 1.27(0.12) -28.8(13.1) 8.6 80.8(25.6) 4.6(1.5) D,Gau
2.11(0.04) -8.05(0.03) 4.42(0.28) D,Point
MM12 3.66(0.08) -11.38(0.17) 0.60(0.07) 3.16 2.14(0.37) 1.24(0.49) -1.2(25.1) 8.5 10.2(20.2) 0.6(1.2)
aOffsets with respect to the phase center R.A.(J2000) = 18h06m14.78s and DEC.(J2000) = −20◦31′34.9′′ .
b peak flux density
cTotal flux density from 2-D Gaussian fit. For MM4, MM6, MM8 and MM11, the total flux is the sum of the fluxes of the
Gaussian component and the point source component.
da, b, P.A., are deconvolved FWHM major size, minor size and position angle from 2D Gaussian fits. The effective radiu (R)
is defined as R =
√
ab
eThe values in parentheses are derived by assuming a dust temperature Td of 100 K for MM4, MM7, MM8 and MM11; and
Td of 20 K for other cores. The values outside parentheses are derived by assuming Td of 35 K for all cores.
e“Gau” means Gaussian component; “Point” means point-like component.
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3.2. Line emission
3.2.1. JCMT C18O (3-2) line and virial analysis of the
G9.62 clump
Figure 3 shows the integrated intensity map of C18O
(3-2) and its spectrum at pixel of the emission peak.
The C18O (3-2) emission shows a single gas clump
with an effective radius of ∼0.9 pc. Interestingly, the
western edge of the gas clump seems to be bent as
indicated by the red dashed line, indicating that the gas
clump may be compressed by Hii region to the west.
The blue dashed circle may outline the unperturbed
natal clump. The spectrum can be well fitted with
two gaussian components. The blueshifted component
with a linewidth of ∼3.2±0.1 km s−1 peaks at 1.7
km s−1, while the redshifted one with a linewidth
of 3.5±0.1 km s−1 peaks at 5.3 km s−1. The two
velocity components originate from the two sub-clumps
as revealed in the JCMT/SCUBA 450 µm continuum
image. Previous SMA molecular line observations have
indicated that the northern sub-clump has a systemic
velocity around 2-3 km s−1, while the southern sub-
clump has a systemic velocity around 5-6 km s−1
(Liu et al. 2011), which are consistent with the C18O
(3-2) results. To examine the gravitational stability
of the G9.62 clump, we calculated its virial mass.
The virial mass considering turbulent support can be
derived as MvirM⊙ = 210(
R
pc )(
∆V
km s−1 )
2 (MacLaren et al.
1988; Zhang et al. 2015), where ∆V is the linewidth
of C18O (3-2). With a radius of ∼0.25 pc (∼10′′;
derived from SCUBA 450 µm map as shown in Table
A1 in Appendix), the virial masses for the northern and
southern sub-clumps are ∼540±81 and ∼640±96 M⊙,
respectively.
The uncertainties of the virial masses are mainly
determined by the radii. The uncertainties of the radii
from 2-D Gaussian fits are ∼15%. The uncertainties
of virial masses caused by linewidths measurements are
negligible because the errors from Gaussian fits are
small and C18O (3-2) line emission is usually optically
thin. The optical depth of C18O (3-2) line may cause
overestimation of the linewidth if its emission is optically
thick. Assuming an excitation temperature of 35 K,
the same as dust temperature, the optical depths of
blueshifted component and redshifted component are
∼0.3 and ∼0.7, respectively, indicating that C18O (3-
2) line emission is optically thin. The total virial mass
of the G9.62 clump is ∼ 1200± 180 M⊙, much smaller
than the mass (2800±200 M⊙; see Figure A2) estimated
from dust continuum, indicating that the G9.62 clump
will continue to collapse. The contraction of the G9.62
clump could be further enhanced if considering the
external compression from the western Hii regions.
Velocity (km/s)
T
(K
)
b
80
Figure 3. Upper panel: Integrated intensity (from -2 to 10
km s−1) map of C18O (3-2) line. The contours are from 10%
to 90% in steps of the 10% of the peak value (82 K km s−1).
The rms level in the map is about 0.7 K km s−1. The beam is
shown in filled black circle. The vertical red line represents a
spatial scale of 1 pc. The western edge of the gas clump seems
to be bent as indicated by the red dashed line. The blue
dashed circle outlines the unperturbed natal clump. Lower
panel: the C18O (3-2) spectrum at the peak position. The
blue and red lines are gaussian fits.
3.2.2. Molecular lines from ALMA observations
The upper panels (a-f) of Figure 4 show the spectra
of SiO (5-4) and CH3OH vt=1 (61,5 − 72,6) averaged
over the core regions of the six brightest cores. MM7
(radio source “G”) and MM8 (“radio source F”) show
strong line wings in SiO (5-4), suggesting the existence
of outflows. MM6 shows a broad blueshifted line wing
with terminal velocity up to ∼20 km s−1. MM9 and
MM11 also show line wings in SiO (5-4). However,
the line wings in SiO (5-4) toward MM9 and MM11
may be caused by the contamination of the widespread
outflows associated with MM8 (see section 3.4). Strong
CH3OH vt=1 (61,5−72,6) emission was detected toward
four dense cores, MM4, MM7, MM8 and MM11. We
fitted their spectra with gaussian profiles and present
their velocities and line widths in Table 2. MM4 has a
systemic velocity of ∼2 km s−1, while the other three
cores have a systemic velocity of ∼5 km s−1, which are
consistent with the C18O results as well as previous SMA
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Figure 4. Spectra of SiO (5-4) (black) and CH3OH vt=1 (61,5 − 72,6) (pink). The spectra were core-averaged. The upper
panels (a-f) show the spectra at the 6 densest cores, while the lower panels (g-l) show the spectra at the other 6 less dense cores.
The green lines in panels (a, e, j ,l) are Gaussian fits of the SiO (5-4) spectra. The CH3OCHO (174,13 − 164,12) emission in
panels (a,d,f) were marked with blue dashed lines.
observations (Liu et al. 2011). MM4 (radio source “E”)
shows the strongest CH3OH vt=1 (61,5 − 72,6) emission
in the G9.62 clump. MM6 and MM9 do not show
CH3OH vt=1 (61,5 − 72,6) emission.
The lower panels (g-l) of Figure 4 show the spectra
of SiO (5-4) and CH3OH vt=1 (61,5 − 72,6) toward
the other six less bright cores. MM1 shows broad
SiO (5-4) emission but no CH3OH vt=1 (61,5 − 72,6)
emission. No SiO (5-4) or CH3OH vt=1 (61,5 − 72,6)
emission is detected toward MM2 and MM3. MM5 is
located to the south of the UC Hii region MM4/E but
shows much narrower SiO (5-4) emission than MM4/E.
Its CH3OH vt=1 (61,5 − 72,6) shows double-peaked
profile with blueshifted one stronger than the red one,
a typical “blue profile”, indicating that the core may
be in collapse (Zhou et al. 1993). No CH3OH vt=1
(61,5 − 72,6) emission is detected toward MM10. MM10
shows very broad SiO (5-4) emission with blueshifted
line wings. However, since MM10 is is located at the
center of the blueshifted outflow lobe (see section 3.4),
the broad SiO (5-4) emission at MM10 is very likely
caused by the outflows.
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Figure 5. The integrated intensity (from -6 to 17 km s−1)
map of CH3OH vt=1 (61,5 − 72,6) is shown in contours
overlaid on its Moment 1 color image. The contour levels
are [0.03,0.05,0.1,0.2,0.4,0.6,0.8]×6.82 Jy beam−1 km s−1.
The rms level of the integrated intensity map is about
0.06Jy beam−1 km s−1.
Figure 5 presents the integrated intensity (from -6 to
17 km s−1) map of CH3OH vt=1 (61,5−72,6) in contours
overlaid on its Moment 1 color image (or intensity
weighted velocity map). The CH3OH vt=1 (61,5 − 72,6)
emission is mainly distributed in cores MM4, MM7,
MM8 and MM11. The other cores have no obvious
emission above 3σ noise level. The Moment 1 map of
these four cores show clear velocity gradients, suggesting
rotational motions. The discussions of the Moment 1
map are beyond the scope of this paper and will be
presented in another work. The integrated intensity
maps of SiO (5-4) are presented in Figure 7 and will
be discussed in section 3.3.
3.2.3. 12.8 µm [Ne ii] line
In contrast to radio recombination lines (RRLs) whose
high thermal line widths (∼20 km s−1 for a electron
temperature of 104 K) are comparable to the velocities
of bulk flows in Hii regions, Mid-IR fine-structure
lines (e.g., 12.8 µm [Ne ii] line) have much smaller
thermal line widths because they are emitted by heavy
elements. Therefore, high spectral and spatial resolution
maps of 12.8 µm [Ne ii] fine-structure lines are much
more suitable to study the kinematic patterns in the
ionized gas than RRLs and radio continuum emission
(Zhu et al. 2005, 2008).
The left panel of Figure 6 shows the integrated
intensity map of 12.8 µm [Ne ii] line emission. The [Ne
Table 2. Line parameters
Name VLSR FWHM
(km s−1) (km s−1)
CH3OH vt=1 (61,5 − 72,6)
MM4/E 2.13(0.01) 4.70(0.02)
MM7/G 4.89(0.03) 5.87(0.07)
MM8/F 5.11(0.01) 5.51(0.03)
MM11/D 4.51(0.02) 3.76(0.04)
SiO (5-4)
MM4/Ea 2.33(0.12) 9.48(0.29)
MM5 2.75(0.15) 4.40(0.31)
MM9a 5.41(0.09) 3.03(0.26)
MM12 5.25(0.11) 1.66(0.34)
[Ne ii]
A 0.84(0.14) 15.61(0.30)
B 1.26(0.04) 12.53(0.09)
C-e -2.31(0.35) 14.19(0.86)
C-w -5.67(0.24) 9.31(0.66)
aCore emission close to the systemic
velocity
ii] line emission is only detected toward radio sources
“A”, “B” and “C” (Garay et al. 1993). Radio source
“C” has two components, “C-e” and “C-w”. The
boundaries of the four components are marked with
color outlines. We did not detect [Ne ii] toward the
dense cores in the G9.62 clump including those that
show radio continuum presumably due to the high
extinction there. Radio source “A” is much larger and
more diffuse than “B” and “C”, indicating that “A”
is older. From west to east, sequential high-mass star
formation (from old to young: “A”→“B”&“C”→G9.62
clump) is taking place at pc scale in the G9.62+0.19
complex as also suggested by Hofner et al. (1994).
The right panels of Figure 6 present the averaged spec-
tra of each component. The velocities and linewidths
of the spectra are summarized in Table 2. The radio
sources “A”, “B” and “C” show different velocities from
the millimeter sources detected by ALMA. In general,
their velocities are more blueshifted when compared
to the dense cores in the G9.62 clump. The PDR of
radio source “B” traced by 8 µm emission (see Figure
1) shows very dense contours in the region adjacent to
the G9.62 clump, strongly suggesting that radio source
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Figure 6. The left panel shows the integrated intensity map of [Ne ii] line. The boundary of each component (“A”, “B”, “C-e”
& “C-w”) roughly corresponds to the contour of 10% of the peak value. The right panels show the averaged spectra of each
component. The green lines are Gaussian fits.
“B” is interacting with the G9.62 clump. However, the
velocity of radio source “B” is blueshifted by ∼5 km s−1
relative to the G9.62 clump. Similarly, radio source “C-
e” is close to the northern dense cores (e.g., MM4) but its
velocity is blueshifted by ∼4.5 km s−1. Such a velocity
difference between ionized gas and molecular gas may
indicate that the molecular gas was compressed by the
shock front induced by the ionization front of the Hii
regions. The shock velocity could be as high as ∼10
km s−1 if we consider a moderate inclination angle (see
also Hofner et al. 1994). The [Ne ii] line will be modelled
and analyzed in another paper (Zhu et al. 2017, in
preparation).
3.3. Molecular outflows
CO and SiO are good outflow tracers. Figure 7 shows
the integrated intensity maps of CO (2-1) and SiO (5-4).
Both CO (2-1) and SiO (5-4) line emission distributions
are very clumpy. As marked by the red outline, the CO
(2-1) line emission is mainly distributed in the south of
the G9.62 clump (left panel). An elongated structure
is seen in the north. There is a very long (∼18′′) bar-
like structure in SiO (5-4) line emission, as marked by
the yellow outline in the middle panel. This elongated
structure suggests a well collimated outflow originating
from MM6. In the right panel, we only integrated the
intensity from -1 to 10 km s−1 for SiO (5-4). In this
velocity interval, the SiO (5-4) line emission is generally
associated with dense cores. However, the bar-like
structure is still obvious in such low-velocity emission,
indicating that the outflow associated with MM6 may
have a very large inclination angle with respect to the
line of sight. Therefore, the majority of outflow emission
shows slow velocity and the outflow lobes are nearly
parallel to the plane of the sky.
Figure 8 presents the averaged spectra of CO (2-1)
and SiO (5-4) in the yellow outlined region, red outlined
region and dense core MM7/G. The SiO spectra show
high velocity wings in all the three regions. The outflow
emission and ambient gas emission in SiO (5-4) spectra
can be well separated with three Gaussian lines. The
ambient low-velocity gas emission in SiO (5-4) has a
systemic velocity ∼5-7 km s−1 and velocity dispersion
of ∼5-8 km s−1. CO (2-1) spectra are quite different
from SiO (5-4). Only blueshifted high velocity CO (2-1)
emission is detected in the outflow associated with MM6
as shown in panel (a). As shown in panel (b), the CO (2-
1) emission in the southern region shows extremely high-
velocity wings, indicating that the CO emission there is
dominated by outflows. No line wings in CO (2-1) are
detected toward dense core MM7/G.
Figure 9 shows the integrated intensity maps of high-
velocity emission of CO (2-1) and SiO (5-4). The high-
velocity CO (2-1) emission reveals a clumpy outflow in
the southern region. The red and blue lobes of this
CO outflow are roughly overlapped. This widespread
CO outflow should originate from the hot core MM8/F
as also suggested by Hofner, Wiesemeyer, & Henning
(2001); Liu et al. (2011). The outflow from the hot core
MM8/F is very energetic with a maximum flow velocity
up to ∼100 km s−1 in CO (2-1) emission assuming an in-
clination angle of 45◦. Besides the outflow fromMM8/F,
the high-velocity SiO (5-4) emission also clearly reveals
the outflows originating from MM6 and MM7/G. As
mentioned above, the outflow associated with MM6 is
very collimated and dominated by blueshifted emission.
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Figure 7. The 1.3 mm continuum is shown as color images
in three panels. (a). The integrated intensity (from -70 to 90
km s−1) of CO (2-1) is shown in contours. The contours are
[0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9]×29 Jy/beam km s−1.
The red outline corresponds to the 20% contour, which marks
the main CO emission region. (b). The integrated intensity
(from -29 to 48 km s−1) of SiO (5-4) is shown in contours.
The contour levels are [0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9]×7.07 Jy/beam km s−1. The yellow outline corresponds
to the 10% contour, which marks the elongated bar-like
structure in SiO emission. (c). The integrated intensity
(from -1 to 10 km s−1) of SiO (5-4) is shown in contours.
The contour levels are [0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9]×2.72 Jy/beam km s−1. The names of the six densest
cores are labeled.
Following Qiu et al. (2007, 2009); Wang et al.
(2011); Zhang et al. (2015); Liu et al. (2011, 2015a,
2016a), we calculated the outflow masses (M), momen-
tum (P) and kinetic energy (E) in each velocity channel
Table 3. Outflow parameters
Lobes
∫
SνdV M P E Vchar
a
(Jy km s−1) (M⊙) (M⊙ km s
−1) (1046erg) (km s−1)
SiO outflows of MM6b
red 4.7 14(0.4) 340(8.5) 9.0(0.2) 24.4
blue 13.1 39(1.0) 1300(32.5) 50.7(1.3) 33.2
CO outflows of MM6c
blue 38.8 0.1(0.9) 3.4(17) 0.12(0.24) 33.0(19)
SiO outflows of MM7/Gd
red 2.5 5.2(0.5) 62(6.2) 0.9(0.1) 12.0
blue 3.3 6.7(0.7) 90(0.9) 1.6(0.2) 13.5
SiO outflows of MM8/Fe
red 35.7 73(7.3) 164(16.4) 44.8(4.5) 22.6
blue 21.0 43(4.3) 73(7.3) 14.3(1.4) 16.8
CO outflows of MM8/Ff
red 290.0 0.8(7.2) 30(150) 1.4(2.8) 38(21)
blue 282.1 0.8(7.2) 24(120) 1.0(2.0) 31(17)
aVchar=P/M
bAssuming an inclination angle of 70◦, SiO excitation temperature of
30 K and SiO abundance of 1.4×10−10 .
cAssuming an inclination angle of 70◦, CO excitation temperature of
30 K and CO abundance of 1.0×10−4.
dAssuming an inclination angle of 0◦, SiO excitation temperature of
40 K and SiO abundance of 2.1×10−10 .
eAssuming an inclination angle of 45◦, SiO excitation temperature of
40 K and SiO abundance of 2.1×10−10 .
fAssuming an inclination angle of 45◦, CO excitation temperature of
30 K and CO abundance of 1.0×10−4.
gThe values in parentheses are derived by assuming SiO abundance
enhancement factors of 10 and 40 for MM7/MM8 and MM6,
respectively; and applying optical depth correction on CO (2-1)
emission.
assuming optically thin emission and present their sums
in Table 3. The integrated fluxes of SiO (5-4) and CO
(2-1) line emission used in calculating outflow masses
are presented in the second column of Table 3. As
mentioned above, the outflow associated with MM6
may have a very large inclination angle with respect to
the line of sight. We assume an inclination angle of 70◦
to calculate the outflow parameters for MM6. The blue
and red outflow lobes of MM7/G are overlapped along
the line of sight, indicating that its outflow inclination
angle is very small. We take an inclination angle of
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Figure 8. Upper panels: Spectra of SiO (5-4) are shown in magenta. The red, blue and cyan lines are Gaussian fits. The green
lines are the sum of the Guassian fits. Lower panels: Spectra of CO (2-1); the absorption features in CO spectra are caused by
self-absorption or foreground clouds along the line of sight. Spectra of CO (2-1) and SiO (5-4) for MM6 (a & d) are averaged
over the yellow outlined area in Figure 7. Spectra of CO (2-1) and SiO (5-4) for MM8/F (b & e) are averaged over the red
outlined area in Figure 7. Spectra of CO (3-2) and SiO (5-4) of MM7/G (c & f) are averaged over 2′′ area centered on MM7 to
cover its outflow emission region.
0◦ to calculate the outflow parameters for MM7/G.
Since the blue and red outflow lobes of MM8/F are well
separated and have very high flow velocities, neither the
very low (pole-on) inclination nor the very high (edge-
on) inclination is likely. Therefore, we take 45◦ as the
inclination angle for MM8/F. The inclination angles do
not affect the determination of outflow masses. The
inclination angle (θ) corrections on flow velocities and
outflow momentum are by a factor of 1/cos(θ). For
outflow energy, the correction factors are 1/cos2(θ).
Gerner et al. (2014) found that the median SiO
abundances in HMPOs and hot cores are 1.4×10−10 (for
T=30 K) and 2.1×10−10 (for T=40 K) from a single-
dish IRAM 30-m suvey of 59 high-mass star forming
regions. We adopt an excitation temperature of 30 K
and SiO abundance of 1.4×10−10 for the outflow of the
HMPO MM6. An excitation temperature of 40 K and
SiO abundance of 2.1×10−10 were adopted for outflows
of hot cores MM7/G and MM8/F. The total outflow
masses of MM6, MM7/G and MM8/F derived from SiO
(5-4) emission are 53, 13 and 116 M⊙, respectively. A
typical abundance of 10−4 for CO is used to derive the
CO outflow parameters. The excitation temperature for
CO outflow emission is taken as the same of SiO. The
total outflow mass of MM8/F derived from CO (2-1) is
∼1.9 M⊙. The outflow mass of MM6 blue lobe derived
from CO (2-1) is ∼0.1 M⊙.
The uncertainties of the outflow parameters caused
by integrated flux measurements are negligible because
of the high S/N levels in outflow emission. The main
uncertainties of outflow parameters are caused by exci-
tation temperatures, abundances and optical depths. If
we adopt an alternative excitation temperature of 20 K
or 40 K for the outflow of MM6, the outflow parameters
will increase or decrease by ∼50%, respectively. The
outflow parameters of MM7/G and MM8/F will become
50% larger if we adopt an excitation temperature of
30 K instead of 40 K. SiO high velocity emission is
usually optically thin due to its low abundance while
CO high velocity emission is usually optically thick
(Qiu et al. 2007, 2009). People can use 12CO/13CO
line ratios to correct for 12CO opacity as a function of
velocity in previous outflow studies (Qiu et al. 2009;
Zhang et al. 2016). Unfortunately, we did not observe
13CO line. In the HH 46/47 molecular outflow, the
mass, momentum, and kinetic energy derived from CO
(2-1) were underestimated by factors of about 9, 5,
and 2, respectively, if assuming optically thin emission
(Zhang et al. 2016). We applied the same correction
factors to the CO outflow parameters and list the new
values in parentheses in Table 3. These corrections need
to be tested by future 13CO line observations. However,
after correction of optical depth, the total outflow mass
(14.4 M⊙) derived from CO (2-1) for MM8/F is very
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Figure 9. (a). CO outflows. The redshifted emission is
integrated in [29km/s, 100km/s] interval. The contours are
[0.2, 0.4, 0.6, 0.8]×13.1 Jy/beam km s−1; The blueshifted
emission is integrated in [-70km/s, -6km/s] interval. The
contours are [0.2, 0.4, 0.6, 0.8]×21.9 Jy/beam km s−1.
The names of the six densest cores are labeled. (b). SiO
outflows. The redshifted emission is integrated in [12km/s,
48km/s] interval. The contours are [0.2, 0.4, 0.6, 0.8]×2.89
Jy/beam km s−1; The blueshifted emission is integrated in
[-29km/s, -2km/s] interval. The contours are [0.2, 0.4, 0.6,
0.8]×2.02 Jy/beam km s−1.
consistent with previous studies with SO, CS or HCN
lines (Liu et al. 2011), indicating that the corrections
are reasonable. The abundance of CO in outflow region
usually not changes too much. However, SiO abundance
is usually greatly enhanced in outflow regions, which
will lead to an overestimation of outflow parameters.
The outflow parameters (M, P, E) calculated from SiO
(5-4) are orders of magnitudes larger than the outflow
parameters derived from CO (2-1). For example, the
total outflow mass of MM8/F derived from CO (2-1) (1.9
M⊙) is about 60 times smaller than the value derived
from SiO (5-4). Even though CO emission is corrected
with optical depth, the outflow mass estimated from
CO (2-1) is still 8 times smaller than the value derived
from SiO (5-4), indicating that the SiO abundance
is underestimated at least by a factor of ∼10 in the
outflows of MM8/F. The optical depth corrected outflow
mass for the blueshifted lobe of MM6 derived from CO
(2-1) is about 40 times smaller than the value derived
from SiO (5-4), suggesting that the SiO abundance
might be underestimated by a factor of ∼40 in the
outflows of MM6. Therefore, the SiO abundance in
outflow regions of MM8/F andMM6 should be enhanced
by a factor of ∼10 and ∼40, respectively, as compared
with clump averaged values in high-mass star forming
regions (Gerner et al. 2014). In Table 3, we also list
the outflow parameters estimated from SiO (5-4) by
applying abundance enhancement factors of 10 and 40
for MM7/MM8 and MM6, respectively. Then the total
outflow masses of MM6, MM7/G and MM8/F derived
from SiO (5-4) are 1.4, 1.2 and 11.6 M⊙, respectively.
The outflow mass of MM8/F derived from SiO (5-
4) is now consistent with outflow mass derived from
CO (2-1) by applying optical depth correction. In
below analysis, we use the outflow parameters derived
from SiO (5-4) considering abundance enhancement for
MM6 and MM7/G to derive their outflow mass loss
rates and accretion rates. For MM8/F, we use outflow
parameters derived from CO (2-1) by applying optical
depth correction.
Assuming an inclination angle of 70◦, the length (L)
and maximum flow velocity (Vmax) of MM6 outflow
lobes are ∼0.25 pc and ∼70 km s−1, respectively. Then
we can derive a dynamic timescale of tdyn =
L
Vchar
=
8.5 × 103 yr, where Vchar = P/M is ∼29 km s−1,
the averaged characteristic outflow velocity of the blue
and red outflows. The outflow mass loss rate of MM6
is M˙out =
Mout
tdyn
= 1.6 × 10−4 M⊙yr−1. It is hard
to estimate the dynamic timescale for the outflow of
MM8/F due to its complicated structures. Here we
simply assume its timescale of 1 × 104 yr, as also used
in Liu et al. (2011). The dynamic timescale of MM7 is
assumed the same as MM8/F. The total outflow masses
of MM7 and MM8/F are ∼1.2 and ∼14 M⊙. Therefore,
the outflow mass loss rates of MM7 and MM8/F are
1.2× 10−4 and 1.4× 10−3, respectively.
If outflows are powered by winds driven by accretion
disks, the outflow force (Fout) is related to the mass
accretion rate (M˙acc) as given in the following equation
obtained from the principle of momentum conserva-
tion (Bontemps et al. 1996; Norberg & Maeder 2000;
McKee & Tan 2003; Keto et al. 2003; Zhang et al.
2001, 2005):
M˙acc =
1
fent
M˙acc
M˙w
1
Vw
Fflow. (1)
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We assume a typical jet/wind velocity of Vw ∼ 500
km s−1 (Lamers et al. 1995). M˙w is the wind/jet
mass loss rate. Models of jet/wind formation
predict, on average, M˙w/M˙acc ∼ 0.1 (Shu et al.
1994; Pelletier & Pudritz 1992; Wardle & Ko¨nigl 1993;
Bontemps et al. 1996). The entrainment efficiency is
typically fent ∼ 0.1 − 0.25. Here we take 0.25. The
outflow force Fflow is calculated as:
Fflow =
P
tdyn
(2)
Here we use the momentum P derived from SiO (5-
4) considering abundance enhancement for MM6 and
MM7/G. The momentum P of MM8/F is derived from
CO (2-1) by applying optical depth correction. The total
mass accretion rates for MM6, MM7/G, MM8/F are
about 3.9×10−4, 5.7×10−5 and 2.2×10−3 M⊙ yr−1. The
uncertainties of mass accretion rates are mainly caused
by the uncertainties of outflow parameters as discussed
above. Therefore, they should be treated with respectful
caution. However, the mass accretion rates derived here
are comparable to those in other outflow studies toward
high-mass star forming regions (e.g., Zhang et al. 2005;
Qiu et al. 2009; Liu et al. 2011, 2016c).
4. DISCUSSIONS
4.1. Sequential high-mass star formation in the G9.62
clump
4.1.1. High-mass protostellar cores
Five of the twelve dense cores are obvious high-
mass protostars: MM4/E, MM6, MM7/G, MM8/F
and MM11/D. CH3OH is steadily produced in ice
mantles of dust grains until the richness of molecular
composition reaches its maximum in the hot molecular
core (HMC) phase and declines for the UC Hii stage,
because CH3OH is destroyed by the UV radiation from
the ionizing stars (Gerner et al. 2014). Therefore,
CH3OH can be used as chemical diagnostics of the
evolutionary stages of high-mass star forming clumps
(Gerner et al. 2014). CH3OH vt=1 (61,5− 72,6) has an
upper level energy of ∼374 K. In addition, molecular
vibrational transitions are thought to be excited by
radiation from high mass stellar objects. Therefore,
the detection of CH3OH vt=1 (61,5 − 72,6) line should
indicate that the YSO has significantly heated its
surroundings and thus the YSO should be at hot core
phase or UC Hii regions. Outflows are powerful tools
to date the accretion history of young protostellar
objects (Arce et al. 2007). In addition, the outflow
collimation and morphology also changes with time.
The youngest outflows are highly collimated while older
ones present much lower collimation factors (Arce et al.
2007). Therefore, outflows can also be used as a clock for
core evolution. Below we classify the evolutionary stages
of the five protostellar cores based on their CH3OH vt=1
(61,5 − 72,6) line and outflow properties.
MM4/E and MM11/D are the two most evolved
cores because they show strong centimeter continuum
emission (Garay et al. 1993; Testi et al. 2000), and do
not drive molecular outflows, indicating that their ac-
cretion may have been halted by stellar feedback (e.g.,
radiation). MM11/G is an UC Hii region excited by
a B0.5 star (Hofner et al. 1996). MM4/E shows
much stronger CH3OH vt=1 (61,5 − 72,6) emission than
MM11/G. Since CH3OH abundance is expected to reach
its maximum in the hot molecular core (HMC) phase
and decline for the UC Hii stage (Gerner et al. 2014),
MM4/E may be still at an earlier phase (late hot core
phase or hyper compact (HC) Hii region) than the UC
Hii region MM11/G. MM7/G and MM8/F were also
detected in centimeter continuum (Testi et al. 2000) and
show strong CH3OH vt=1 (61,5 − 72,6) emission. They
are less evolved than MM4/E and MM11/D because
they are driving energetic outflows, suggesting that they
are still at accretion phase.
Besides CH3OH vt=1 (61,5 − 72,6) line, we also de-
tected CH3OCHO v=1 (174,13− 164,12) (rest frequency:
217.31263 GHz) emission toward MM4/E, MM8/F and
MM11/D. Complex organic molecules are good indica-
tor of hot cores (Kurtz et al. 2000; Qin et al. 2010).
The detection of CH3OCHO v=1 (174,13− 164,12) emis-
sion at MM4/E, MM8/F, MM11/D suggest that the
three sources show hot core chemistry. CH3OCHO
v=1 (174,13 − 164,12) line was not detected toward
MM7/G, indicating that MM7/G may be colder and
less evolved than MM8/F. MM7/G may be at an
early stage of hot core evolution. MM6 was not
detected in centimeter continuum and also shows no
CH3OH vt=1 (61,5 − 72,6) emission, suggesting that it
is much younger than the other high-mass protostars
in the G9.62 clump. MM6 seems to be at high-
mass protostellar object (HMPO) phase because it is
driving a very collimated outflow. In conclusion, we
witness sequential high-mass star formation taking place
within the G9.62 clump based on their evolutionary
stages though we cannot accurately determine their
ages. The evolutionary sequence of the 5 high-mass
protostellar cores are MM6 (HMPO)→MM7/G (early
HMC)→MM8/F (HMC)→MM4/E (late HMC or HC
Hii)→MM11/D (UC Hii).
4.1.2. Candidates for high-mass starless cores
The other cores (MM1, MM2, MM3, MM5, MM9,
MM10 and MM12) were not detected in centimeter con-
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tinuum and do not drive molecular outflows, indicating
that they may be at earlier phases than the high-mass
protostellar cores mentioned in section 4.1.1. MM1
shows broad SiO (5-4) emission but no CH3OH vt=1
(61,5 − 72,6) emission. MM1 has the largest radius
among the 12 dense cores and lies in the interface
between the Hii region “C” and the G9.62 clump.
It may be just a remnant core in the envelope of
the Hii region “C” (Liu et al. 2011). Its broad SiO
emission is likely caused by the Hii region shocks. No
SiO (5-4) or CH3OH vt=1 (61,5 − 72,6) emission is
detected toward MM2, and MM3, indicating that they
are very likely starless cores. MM5 is located to the
south of the UC Hii region MM4/E but shows much
narrower SiO (5-4) emission than MM4/E. Its CH3OH
vt=1 (61,5 − 72,6) shows double-peaked profile with
the blueshifted one stronger than the redshifted one,
a typical “blue profile”, indicating that the core may
be in collapse (Zhou et al. 1993). Its CH3OH vt=1
(61,5 − 72,6) emission may be caused by the external
heating from MM4/E. MM9 is the densest core among
the 12 cores. It shows no CH3OH vt=1 (61,5 − 72,6)
emission. The SiO (5-4) emission toward MM9 exhibits
line wings. However, since MM9 is at the vicinity of
the energetic outflow lobes of MM8/F, its SiO (5-4)
emission may be contaminated by the outflow emission
of MM8/F. Considering its large density, MM9 seems to
be a prestellar core on the verge of star formation. No
CH3OH vt=1 (61,5 − 72,6) emission is detected toward
MM10. However, MM10 shows very broad SiO (5-
4) emission with blueshifted line wings because it is
located at the center of the blueshifted outflow lobe (see
section 3.4). Therefore, the broad SiO (5-4) emission
at MM10 is not from its core emission. MM10 may be
also a starless core. MM12 has no CH3OH vt=1 (61,5−
72,6) emission. Its SiO (5-4) emission is only detected
with S/N∼4 σ and has much narrower linewidth (∼1.7
km s−1) than other cores. The seven cores (MM1,
MM2, MM3, MM5, MM9, MM10 and MM12) are good
candidates for starless cores, which need to be confirmed
by more sensitive higher angular resolution observations.
In contrast to the “Competitive Accretion” model,
the “Turbulent Core Accretion” model predicts the
existence of massive starless cores. Finding massive
starless cores is a very challenging problem. Re-
cent high angular resolution interferometric observations
have identified several candidates of massive starless
cores (e.g., Cyganowski et al. 2014, 2017; Kong et al.
2017). However, none of them have been fully con-
firmed (Kong et al. 2017). Among the seven starless
core candidates in the G9.62 clump, five cores (MM1,
MM3, MM5, MM9, MM10) have masses larger than
10 M⊙ and volume densities larger than 10
6 cm−3.
Their masses may be underestimated due to the large
dust temperature (35 K) used in mass calculation.
In contrast, most starless cores in nearby clouds or
IRDCs have temperature of 5-20 K (Andre´ et al. 2010;
Ward-Thompson 2016; Tan et al. 2013; Kong et al.
2017). If we adopt a dust temperature of 20 K, the
masses of the five cores will become two times larger
(see the values in parentheses in Table 1) and above 25
M⊙. In this case, they will have ability to form high-
mass stars (M>8 M⊙) if assuming a local star formation
efficiency at the core level of 30% (Andre´ et al. 2014).
MM9 is particularly interesting due to its large volume
density (∼ 107 cm−3). Its virial mass derived with the
line width (∼3 km s−1) of SiO (5-4) is ∼29 M⊙, which
is comparable to the core mass (∼27 M⊙) estimated
with a dust temperature of 20 K, indicating that MM9
may be in virial equilibrium. The most massive starless
core candidate in Kong et al. (2017) has a mass of ∼70
M⊙ assuming a dust temperature of 10 K. Adopting a
dust temperature of 10 K, the core mass of MM9 is also
around 70 M⊙, which is much larger than its virial mass,
indicating that MM9 should be in collapse and may be
on the verge of star formation.
We should stress that the properties of the starless
core candidates in the G9.62 clump are not well known
from present data. Future multiple wavelength high
resolution and high sensitivity continuum and line ob-
servations with ALMA or NH3 line observations with
JVLA will be helpful to better constrain the dynamical
and chemical properties of these cores.
4.2. Fragmentation analysis
In this section, we investigate the fragmentation of
the G9.62 clump as well as the interaction between the
evolved Hii regions (“B” & “C”) and the G9.62 clump.
Molecular gas pressure inside the G9.62 clump can be
expressed as:
Pmol
k
= nTeff (3)
Where n=(9.1 ± 0.7) × 104 cm−3 is the mean num-
ber density of the G9.62 clump, k is the Boltzmann
constant, and Teff is effective kinetic temperature
Teff =
C2s,effµmH
k , where µ=2.37 is the mean molecular
weight. Here Cs,eff is an effective sound speed including
turbulent support,
Cs,eff = [(Cs)
2 + (σNT )
2]1/2 (4)
where Cs is the thermal sound speed and σNT is
the non-thermal one dimensional velocity dispersion.
The thermal sound speed is related with the kinetic
temperature Tk as following: Cs = (kTk/µmH)
1/2.
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Assuming Tk equaling to the dust temperature of 35 K,
the sound speed is 0.35 km s−1. The non-thermal one
dimensional velocity dispersion σNT can be calculated
as follows:
σNT =
√
σ2C18O −
kTk
mC18O
(5)
and
σC18O =
∆V√
8ln(2)
(6)
with mC18O being the mass of C
18O, ∆V=3.5 km s−1
is the linewidth of C18O (3-2). The derived σNT
and Cs,eff are 1.48 and 1.52 km s
−1, respectively.
Therefore, the effective temperature Teff and molecular
gas pressure Pmolk are ∼670 K and (6.1 × 0.5)×107
K cm−3.
The ionized gas pressure inside the radio source “B”
is the sum of thermal pressure and turbulent pressure:
Pi
k
= 2neTe + neµgmHσ
2
NT /k (7)
Here µg=1.4 considering both hydrogen and helium gas.
We adopt the electron density ne of 1.6×103 cm−3 and
an electron temperature Te of 10000 K (Garay et al.
1993). The σNT can be derived with the [Ne ii] line as
for C18O (3-2). The sound speed (Ci) and non-thermal
velocity dispersion (σNT ) in radio source “B” are 9.1
and 5.3 km s−1. The ionized gas pressure is ∼4.0×107
K cm−3, which is comparable to the molecular gas
pressure inside the G9.62 clump, suggesting the pressure
from the evolved Hii regions may still help confine the
G9.62 clump together with gravity.
In addition, the PDR of radio source “B” traced by 8
µm emission (see Figure 1) shows very dense contours
in the region adjacent to the G9.62 clump, strongly
suggesting that radio source “B” is interacting with
the G9.62 clump. The PDRs at the interfaces between
Hii regions “B/C” and the G9.62 clump may have a
larger pressure than the molecular gas pressure because
that the PDRs reside in the shock induced by the
ionizing front and has a much higher density. Therefore,
the Hii regions should be still compressing the G9.62
clump. As depicted by the yellow dashed curve in the
left panel of Figure 2, the northern end of the G9.62
clump is very likely bent by the compression of the Hii
region “C”. The C18O map in Figure 3 also shows
hint on interaction between the evolved Hii regions
and the G9.62 clump. Especially, as shown in Figure
1, widespread Spitzer/IRAC 4.5 µm emission is seen
between the Hii regions and the G9.62 clump, hinting
at Hii region shocks. G9.62+0.19 complex is a well-
known cluster forming region, which is located in the 3
kpc arm (Scoville et al.1987; Holfner et al. 1994). The
radio sources in this region also have similar velocities
and should be spatially connected. It is hard to imagine
that they are projected on sky by chance. Therefore,
the sequential high-mass star formation in the G9.62
clump is very likely caused by Hii region shocks as
also suggested by Hofner et al. (1994). However, the
formation and fragmentation of the G9.62 clump may
not be determined by the “Collect and Collapse” process
as discussed in Appendix C.
What determines the fragmentation of the G9.62
clump? Following Wang et al. (2012, 2014), we derive
the masses and separation of dense cores predicted
in Jeans fragmentation and Cylindrical fragmentation.
The results are presented in Table 4. The uncertainties
of the fragmentation analysis are mainly caused by
density and temperature measurements. However, we
noticed that the these uncertainties are negligible as
shown in Table 4. The predicted dense core spacing
(∼0.4-0.6 pc) and mass (∼400-500 M⊙) in turbulent
Jeans fragmentation or turbulent Cylindrical fragmen-
tation are much larger than the observed mean dense
core spacing (∼0.1 pc) and mass (∼20 M⊙). However,
in thermal Jeans fragmentation or thermal Cylindrical
fragmentation, the predicted dense core spacing (∼0.1
pc) is very consistent with the observed value (∼0.08
pc). The predicted dense core mass (∼6.0 M⊙) is
about one third of the mean dense core mass (∼20
M⊙). However, we noticed that the predicted core
mass is comparable to the masses (∼4-15 M⊙) of the
most quiescent cores (e.g., MM2, MM3, MM5, MM9
and MM12) in the G9.62 clump. The more evolved
cores (e.g., MM4, MM6, MM8, MM11) in the G9.62
clump have masses (≥30 M⊙) much larger than the
predicted dense core mass (∼6.0 M⊙) because they have
accumulated significant amounts of additional mass in
their accretion phase. Taking MM8/F for example,
in 104 yrs, it could have accumulated additional mass
of 22 M⊙ if assuming a constant accretion rate of
2.2×10−3 M⊙ yr−1. Therefore, thermal Jeans instability
can nicely explain the fragmentation in the G9.62
clump. In contrast to IRDC clumps (Zhang et al. 2009;
Zhang & Wang 2011; Wang et al. 2011, 2012, 2014;
Zhang et al. 2015), turbulence support seems not to
govern the fragmentation near the sonic scale (∼0.1 pc)
around cores in the G9.62 clump. It seems that the
external heating from the evolved Hii regions (“B” &
“C”) and internal heating (and/or outflows) from the
YSOs (e.g., “MM11/D”, “MM4/E”, “MM8/F”) have
greatly increased the thermal Jeans masses in the G9.62
clump and suppressed further fragmentation.
The increased thermal Jeans mass may lead to a lack
of low-mass protostellar population. As mentioned in
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Table 4. Fragmentation in the G9.62
clump
Mcore λcore
(Msun) (pc)
Observed values
∼20 ∼0.08
Thermal Jeans fragmentationa
6.0±0.1 0.13±0.01
Turbulent fragmentationb
504±20 0.56±0.02
Thermal Cylindrical fragmentationc
6.6±0.5 0.10±0.01
Turbulent Cylindrical fragmentationd
430±30 0.40±0.03
aOnly considering thermal Jeans
instability by taking T=35 K, and
n=(9.1± 0.7) × 104 cm−3, which were
determined from SED fit in Appendix
A. Jeans mass is MJ =
0.877M⊙
(
T
10 K
)3/2 ( n
105 cm−3
)−1/2
;
Jeans length is
λJ = 0.066 pc
(
T
10 K
) (
n
105 cm−3
)−1/2
(Wang et al. 2014).
bConsidering turbulent Jeans instability
by taking T=670 K, and
n=(9.1± 0.7) × 104 cm−3.
cOnly considering thermal support in
Cylindrical fragmentation with velocity
dispersion σ=0.38 km s−1. Following
Wang et al. (2014), the central
density of the cylinder on the verge of
collapse is derived as the average of the
clump density ((9.1± 0.7) × 104 cm−3)
and core density ((4.4± 0.6) × 106
cm−3), which amounts to
nc ∼ (2.3± 0.3) × 106 cm−3. The
fragment mass in cylindrical
fragmentation is Mcl =
575.3M⊙
(
σ
1 km s−1
)3 ( nc
105 cm−3
)−1/2
;
The typical spacing in cylindrical
fragmentation is
λcl = 1.24 pc
(
σ
1 km s−1
) (
nc
105 cm−3
)−1/2
(Wang et al. 2014).
dconsidering turbulent support in
Cylindrical fragmentation with σ=1.53
km s−1 and nc ∼ (2.3± 0.3) × 106
cm−3.
section 3.1, eleven cores have masses larger than 10
M⊙ and only one has masses smaller than 10 M⊙.
Despite a five σ mass sensitivity of 0.02 M⊙ (assuming
Td=35 K and β=1.5), there is indeed a significant
lack of a widespread low-mass protostellar population
in the G9.62 clump. A lack of a distributed low-mass
protostellar population was also witnessed in the clump
G28.34+0.06 P1 (Zhang et al. 2015). They argued that
low-mass stars form at a later stage after the birth of
more massive protostars in a protocluster (Zhang et al.
2015). In contrast, the lack of low-mass protostellar
population in the G9.62 clump is more likely due to the
stellar feedback from the Hii regions (“B” and “C”),
which suppresses further fragmentation and successive
low-mass star formation.
Although the formation and fragmentation of the
G9.62 clump is not governed by the “Collect and
Collapse” process (see Appendix C), the expansion of
the Hii regions (“B” and “C”) may still have great
effects on the G9.62 clump through external compression
and heating. As shown in Figure 10, here we propose
a scenario to explain the interaction between the Hii
regions (“B” & “C”) and the G9.62 clump:
(i). Compression phase.
The unperturbed self-gravity natal clump is in round
shape and has a radius of ∼1.3 pc and a mean H2
number density of 5.2×103 cm−3 (see Appendix C). At
the initial stage, the ionizing pressure of the adjacent Hii
regions (“B” & “C”) is much larger than the molecular
gas pressure in the clump. The shocks induced by the
ionizing front will externally compress and heat the
clump from its western side, reshaping it to a dense
filamentary structure.
(ii). Fragmentation phase.
The Hii regions stop expansion when their ionizing
gas pressure becomes in equilibrium with the molecular
gas pressure in less than 1×105 yrs. At that moment,
the clump further fragments into regularly spaced dense
cores with typical mass of 6.0 M⊙ and spacing of ∼0.1
pc due to thermal instability.
(iii). Accretion phase.
The dense cores will accumulate more masses from the
natal clump in their accretion phase. The feedback (e.g.,
radiation, outflows) of the star formation suppresses the
further fragmentation in the clump. The Hii region
shocks may induce the collapse of dense cores and lead
to the sequential star formation within the G9.62 clump.
The cores (e.g., MM4/E, MM11/D) near the clump
edges are closer to the Hii regions (“B” or “C”) and
are more easily to collapse due to the perturbation of
the Hii region shocks. Therefore, they form new stars
first. In contrast, the dense cores (e.g., MM6, MM7/G,
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MM8/F) near the clump center are more shielded and
less affected by the shocks and may collapse later to
form stars. Particularly, core MM9, which is located to
the south of MM8/F and MM11/D and is further away
from the Hii regions, is more likely still at the prestellar
core phase. If there is no shock, the dense cores in the
G9.62 clump may be at similar evolutionary stages as
the same in the IRDC clump G28.34+0.06, where all
the cores drive collimated outflows (Wang et al. 2012;
Zhang et al. 2015). The other cores (MM2, MM3,
MM5, MM10) are located close to vicinity of already
formed luminous high-mass protostars (“D” and “E”)
and may be induced secondary cores.
4.3. Mass-velocity diagrams of outflows
Outflow velocities decrease as the ambient cloud gas is
swept up. A broken power law, dM(v)/dv ∝ v−γ usually
exhibits in the mass-velocity diagrams of molecular out-
flows near young stellar objects (Chandler et al. 1996;
Lada, & Fich 1996; Ridge, & Moore 2001; Su, Zhang, & Lim
2004; Arce et al. 2007; Qiu et al. 2007, 2009), which
may serve as a diagnostic of the interaction of the
outflow with the ambient gas. The slopes usually change
at velocities between 6 and 12 km s−1 and become
steeper at higher velocities (Arce et al. 2007). The
breaks in the mass-velocity diagrams simply reflect a
decrease of mass entrainment efficiency with increasing
outflow velocities (Qiu et al. 2009). In recent MHD
simulations, the breaks in the mass-velocity diagrams of
protostellar outflows usually occur between 4 and ∼20
km s−1 (Li, Klein & McKee 2017). In the simulation,
protostars with a low break velocity have either a weak
outflow, generally due to their youth, or an outflow with
a large inclination angle with respect to the line of sight
(Li, Klein & McKee 2017).
We calculate the outflow masses in each velocity
channel and present the mass-velocity diagrams of the
molecular outflows associated with MM6, MM7/G and
MM8/F in Figure 11. The slopes of the mass-velocity
diagrams are summarized in Table 5. Our findings are:
(i). The mass-velocity diagrams of outflows associated
with MM6 significantly deviate from broken power laws.
Instead, the mass-velocity diagrams of its SiO (5-4)
outflows can be fitted with single linear function. The
mass-velocity diagrams of its CO (2-1) outflows can be
fitted with a broken linear function. Such mass-velocity
diagrams may be due to the large inclination angle of
outflows with respect to the line of sight. The outflows
of MM6 seem to be parallel to the plane of sky and thus
the mass-velocity diagrams are not accurately derived.
(ii). The mass-velocity diagrams of outflows asso-
ciated with MM7/G and MM8/F can be well fitted
Table 5. The slopes of outflow mass-velocity
relation
Flow Velocity intervals a or γ R2
(km s−1)
Blueshifted SiO outflows of MM6a
(5,14) 0.11±0.01 0.98
Redshifted SiO outflows of MM6a
(5,25) 0.06±0.01 0.99
Blueshifted CO outflows of MM6a
(12,15) 0.14±0.01 0.97
(15,21) 0.07±0.01 0.99
Blueshifted SiO outflows of MM7/Gb
(6,12) 0.75±0.08 0.95
(12,22) 2.19±0.10 0.98
Redshifted SiO outflows of MM7/Gb
(5,15) 0.51±0.06 0.87
(15,21) 2.26±0.19 0.96
Blueshifted SiO outflows of MM8/Fb
(5,12) 0.44±0.05 0.91
(12,22) 3.36±0.17 0.97
Redshifted SiO outflows of MM8/Fb
(6,18) 0.25±0.02 0.91
(18,35) 3.38±0.13 0.98
Blueshifted CO outflows of MM8/Fb
(12,31) 1.53±0.03 0.99
(31,70) 3.10±0.03 1.00
Redshifted CO outflows of MM8/Fb
(22,33) 1.86±0.04 1.00
(33,70) 4.42±0.08 0.99
aLinear fit: M(v)∝-a×V
bPower law fit: M(v)∝V−γ
with broken power laws. Interestingly, the breaks of
blueshifted outflows usually occur at smaller velocities
than redshifted outflows. The break velocities of the SiO
blueshifted outflows associated with both MM7/G and
MM8/F are around 12 km s−1. In contrast, the break
velocities of the SiO redshifted outflows associated with
MM7/G and MM8/F are around 15 and 18 km s−1,
respectively. The break velocities of the CO blueshifted
and redshifted outflows associated MM8/F are around
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Figure 10. A cartoon shows how the Hii regions interact with a self-gravity clump (the G9.62 clump). Left panel: Compression
phase. The unperturbed natal clump having a radius of ∼1.3 pc and a mean number density of 5.2×103 cm−3 would undergo
globally collapse without external compression. The relative velocity (Vr) between the ionized gas and molecular gas at the
initial stage is ∼0 km s−1. The ionized gas pressure (Pi) is larger than molecular gas pressure (Pmol). The shocks induced
from nearby Hii regions will compress and externally heat the clump from the west as they expand. Due to the external
compression, the natal clump collapse to a filamentary (or Cylindrical) clump. The relative velocity (Vr) between the ionized
gas and molecular gas becomes ∼5 km s−1 due to shocks. The ionized gas pressure (Pi) will decrease and the molecular gas
pressure (Pmol) will increase in the compression phase. Middle panel: Fragmentation phase. The clump further fragments into
dense cores with typical mass of 6 M⊙ due to thermal instability. Right Panel: Accretion phase. The dense cores collapse to
form stars and accrete more masses from the natal clump. The feedback (e.g., radiation, outflows) of the star formation further
suppresses the fragmentation in the clump.
31 and 33 km s−1, respectively. The differences between
blueshifted and redshifted outflows are not well known
but most likes attributable to the projection effect,
which prevents accurate determination of flow velocities
possible.
(iii). The slope of the mass-velocity diagram may
steepen with age and energy in the flow (Downes et al.
1999; Richer et al. 2000; Arce et al. 2007). The slope
γ of the high-velocity (Vflow >12 km s
−1) SiO outflows
associated with MM7/G is ∼2.2, which is smaller
than the γ (∼3.4) of high-velocity SiO outflows asso-
ciated with MM8/F, indicating that the outflows of
MM7/G may be younger than the outflows of MM8/F
(Downes et al. 1999).
(iv). The mass-velocity diagrams of SiO outflows
associated with MM8/F break at much smaller velocities
(12-18 km s−1) than CO outflows (31-33 km s−1). In
addition, the mass-velocity diagrams of the outflows
traced by SO (87 − 77), CS (7-6) and HCN (4-3) seem
not to break at velocities up to 25 km s−1 (Liu et al.
2011). Why do SiO outflows break much earlier than
other outflow tracers? It seems plausibly that SiO
traces newly shocked gas while the other molecular lines
(e.g., CO, SO, CS, HCN) mainly trace the ambient gas
continuously entrained by outflow jets. The SiO outflow
appears younger than the other molecular outflows
(e.g., CO) and thus shows a lower break velocity
(Li, Klein & McKee 2017). Different molecular tracers
may be used to reveal the mass entrainment history
of outflows, which need to be investigated thoroughly
through detailed studies of outflow chemistry.
4.4. Comparison with other high-mass star forming
clumps
Total infrared luminosities LTIR can well trace the
star formation rates (SFRs; M˙∗) in high-mass star
forming clumps (HMSFCs). Liu et al. (2016b) found
a tight linear relationship between LTIR and Clump
masses Mclump in a large sample of UC Hii regions,
suggesting a constant gas depletion time of ∼100 Myr.
The G9.62 clump has a LTIR of (1.7 ± 0.1) × 106 L⊙,
corresponding to a SFR (M˙∗) of (2.5 ± 0.1) × 10−4
M⊙ yr
−1 (Kennicutt & Evans 2012). The gas depletion
time (τdep) is τdep =
Mclump
M˙∗
= 11 ± 1 Myr, where
Mclump = 2800 ± 200Msun is the clump mass. The
gas depletion time of G9.62 clump is about ten times
shorter than the average gas depletion time of Galactic
HMSFCs. The star formation efficiency probed by
LTIR/Mclump in the G9.62 clump is enhanced by a factor
of 10 when compared with other HMSFCs in Liu et al.
(2016b). The enhanced star formation in the G9.62
clump is likely due to the external compression from
Hii regions, which may have very positive effect on new
star formation because compression by the Hii regions
can quickly push more gas to the originally dense clumps
and may even increase the density of the clumps further.
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Figure 11. Mass-velocity diagrams of outflows associated
with MM6 (panel a), MM7/G (panel b) and MM8/F (panel
c). The outflow masses derived from CO (2-1) or SiO (5-4)
are normalized. The mass-velocity diagrams of outflows of
MM6 were fitted with linear functions, while the outflows of
MM7/G and MM8/F were better fitted with broken power
laws. The parameters of the fits are summarized in Table 5.
Similar to the G9.62 clump, globally collapsing clumps
(e.g., SDC335, G10.6-0.4, AFGL 5142) are also highly
fragmented (Peretto et al. 2013; Liu et al. 2013a,
2016c). However, those globally collapsing clumps
are more mass concentrated and the dense cores in
globally collapsing clumps are not aligned in a chain
with regularly spacing as in the G9.62 clump. The most
massive cores form at the centers of globally collapsing
clumps and are always surrounded by a swarm of
low-mass cores (Peretto et al. 2013; Liu et al. 2013a,
2016c). In contrast, the dense cores in the G9.62
clump have very comparable masses. Highly fragmented
clumps with regularly spaced dense cores have also
been detected in filamentary infrared dark clouds
(Zhang et al. 2009; Zhang & Wang 2011; Wang et al.
2011, 2012, 2014; Zhang et al. 2015). In contrast to
the G9.62 clump, where the fragmentation seems to
be governed by thermal instability, the fragmentation
in those IRDC clumps are thought to be governed by
turbulent Jeans instability (Wang et al. 2012, 2014).
In addition, the dense cores in those more quiescent
IRDC clumps are more likely at similar evolutionary
stages (Wang et al. 2012, 2014; Zhang et al. 2015),
which is very different from the G9.62 clump where
sequential high-mass star formation is taking place.
Those differences between the G9.62 clump and other
clumps (either globally collapsing clumps or IRDC
clumps) may also attribute to the external compression
from the Hii regions. Only through statistical studies
toward more clumps similar to the G9.62 clump can we
thoroughly understand the effect of stellar feedback on
new generation of star formation.
5. SUMMARY
We present ALMA and NASA/IRTF observations
of the G9.62+0.19 complex. Together with archived
data from Spitzer, Herschel and JCMT, we studied the
properties of the dense clump (the G9.62 clump) in
the G9.62+0.19 complex and its interaction with more
evolved Hii regions. The main findings are:
(1). The G9.62 clump is embraced by the PDRs from
the western evolved Hii regions (“B” and “C”). Radio
sources “B” and “C” were detected together with a more
evolved HII region (“A”) in 12.8 µm [Ne ii] emission, as
well. The ionized gas traced by 12.8 µm [Ne ii] emission
shows different velocities from the molecular gas. The
velocity difference is ∼5 km s−1.
(2). The 1.3 mm continuum from ALMA observations
resolves the G9.62 clump into 12 dense cores (MM 1-
12). Only 4 of the 12 dense cores are previously known.
The others are newly detected. The masses of the dense
cores range from 4 to 87 M⊙ with a median mass of ∼20
M⊙ given a dust temperature of 35 K. The dense cores
are at very different evolutionary stages, spanning from
starless core phase to UC Hii phase. Particularly, five
cores (MM1, MM3, MM5, MM9, MM10) are massive
starless core candidates with masses larger than 25 M⊙
if assuming a dust temperature of ≤ 20 K. The ALMA
observations reveal sequential high-mass star formation
happening within the G9.62 clump.
(3). Three outflows are identified in SiO (5-4) or
CO (2-1) line emission. MM6 is driving a very young
(∼ 8.5 × 103 yr) and collimated outflow. The outflow
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associated with MM7/G may have a very small incli-
nation angle with respect to the line of sight. The
outflow from the hot core MM8/F is very energetic with
a maximum flow velocity up to ∼100 km s−1 in CO
(2-1) emission. The estimated mass accretion rates for
MM6, MM7/G, MM8/F are 3.9×10−4, 5.7×10−5 and
2.2×10−3 M⊙ yr−1, respectively. The SiO abundance
seems to be enhanced by a factor of 10-40 in outflow
regions.
(4). The mass-velocity diagrams of outflows asso-
ciated with MM7/G and MM8/F can be well fitted
with broken power laws. In contrast, the mass-velocity
diagrams of outflows associated with MM6 can be better
fitted with linear functions due to its large inclination
angle with respect to the line of sight. The mass-velocity
diagram of SiO outflow associated with MM8/F breaks
much earlier than other outflow tracers (e.g., CO, SO,
CS, HCN), suggesting that SiO traces newly shocked
gas while the other tracers (e.g., CO, SO, CS, HCN)
mainly trace the ambient gas continuously entrained by
outflows.
(5). The fragmentation in the G9.62 clump may be
governed by thermal instability. In contrast to IRDC
clumps, turbulence support seems not to govern the
fragmentation near the sonic scale (∼0.1 pc) around
cores in the G9.62 clump. The shocks from the
expanding Hii regions (“B”, “C”) may reshape the natal
G9.62 clump into a filament, which will further fragment
to form new stars. The Hii region shocks may be also
responsible for the sequential star formation inside the
G9.62 clump.
(7). The G9.62 clump shows higher star formation
efficiency and shorter gas depletion time than other
Galactic massive clumps. There is a lack of a widespread
low-mass protostellar population in the G9.62 clump.
Our findings suggest that the stellar feedback from Hii
regions may be able to enhance the star formation
efficiency and suppress the low-mass star formation in
adjacent pre-existing massive clumps.
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6. APPENDIX A
SPECTRAL ENERGY DISTRIBUTION (SED) OF
THE WHOLE G9.62 CLUMP
6.1. Archived data from Herschel, JCMT/SCUBA,
APEX/LABOCA and SEST/SIMBA
We obtained publicly available Herschel data from
the Herschel archive. The 70 and 160 µm continuum
data were obtained with the Photodetector Array
Camera & Spectrometer (PACS, Poglitsch et al. 2010).
The 250, 350 and 500 µm continua were observed
with the Spectral and Photometric Imaging Receiver
(SPIRE, Griffin et al. 2010). The angular resolutions
at 70, 160, 250, 350 and 500 µm wavelengths are
about 6′′, 12′′, 18′′, 25′′, and 36′′, respectively. The
flux densities of the G9.62 clump at Herschel bands
were determined by Molinari et al. (2016). The
source extraction at each Herschel band was performed
with the CuTEx algorithm with locally estimated
background levels removed (Molinari et al. 2016).The
details of caveats are provided in Molinari et al.
(2016). The 450 µm and 850 µm continuum data
were obtained from the JCMT archive (Project ID:
m98bu37). The JCMT/SCUBA observations were
conducted in August 1998. The beam sizes of
SCUBA at 450 µm and 850 µm are 9.8′′ and 14.4′′,
respectively. The flux density of the G9.62 clump at each
JCMT/SCUBA band was obtained from 2-D Gaussian
fit. We also used APEX/LABOCA 875 µm continuum
images (Csengeri et al. 2014, 2016) and SEST/SIMBA
1.2 mm continuum image (Fau´ndez et al. 2004).
The flux density at APEX/LABOCA 875 µm was
also obtained from 2-D Gaussian fit. The flux
density at SEST/SIMBA 1.2 mm was determined by
Fau´ndez et al. (2004) from 2-D Gaussian fit. For
flux densities obtained from ground-based bolometric
observations (JCMT/SCUBA, APEX/LABOCA and
SEST/SIMBA), we did not perform background
substraction because those observations have already
filtered out large scale extended emission in data
reduction. All the flux densities are summarized in
Table A1.
In Figure A1, we present the continuum images of
the G9.62 clump. The SEST/SIMBA 1.2 mm image is
not shown here but included in Fau´ndez et al. (2004).
The relatively higher spatial resolution observations of
Herschell/PACS 70 µm and JCMT/SCUBA 450 µm
continuum maps resolve the G9.62 clump into two sub-
clumps. While the 160, 250 (which is not shown here),
350, 500 and 850 µm continuum maps only reveal a
single clump. The third column of Table A1 presents the
mean full width at half maximum (FWHM) deconvolved
Table A1. The flux density of the G9.62 clump
Wavelength Fint
a θS
a Notesb
µm (Jy) (′′)
70 2512/1778 15.8/18.4 1
160 2886 22.7 1
250 1363 40.4 1
350 548.6 30 1
450 195/235 10.0/10.4
500 211.6 42.4 1
850 32.5 21.4
875 21.4 26 2
875 42.8 36.4 3
1200 11.4 29 4
aThe two sub-clumps in 70 µm and 450 µm
images were fitted separately
b 1. Flux measurements at Herschel bands are
from Molinari et al. (2016). 2. Flux
measurement at 875 µm was performed only
on APEX/LABOCA data (Csengeri et al.
2014). 3. Flux measurement at 875 µm was
performed on APEX/LABOCA and Planck
combined data (Csengeri et al. 2016). 4. Flux
measurements at 1.2 mm are from
SEST/SIMBA observations Fau´ndez et al.
(2004).
size (or effective radius). The radii of the two sub-
clumps in 450 µm emission are ∼10′′, or ∼0.25 pc at
a distance of 5.2 kpc.
6.2. SED fit
The spectral energy distribution (SED) of the G9.62
clump is shown in Figure A2. The continuum emission
at the frequency ν from a thermal dust subtending a
solid angle Ω with a dust temperature Td and a total
mass of gas and dust M , can be described as
Sν = Bν(Td)(1− e−τν )Ω (A1)
where Sν is the total flux density of the dust emission,
τν is optical depth, and Bν(Td) is the Planck function.
τν = κνM/D
2Ω = κνNH2µmH (A2)
where κν , D, µ=2.37, mH , and NH2 are the dust
opacity per unit gas mass, distance, mean molecular
weight, atomic hydrogen mass, and H2 column density,
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Figure A1. Herschel and JCMT/SCUBA images of the G9.62 clump. The beams are shown in filled blue circles. The vertical
red line represent a spatial scale of 0.4 pc. The contour levels are from 10% to 90% in steps of 10% of the peak values. The
peak values for (a) PACS 70 µm, (b) PACS 160 µm, (c) SPIRE 250 µm, (d) SPIRE 350 µm, (e) SPIRE 500µm, (f) SCUBA 450
µm, (g) SCUBA 850 micron, (h) LABOCA 875 µm are 4.9 Jy/pixel, 83.3 Jy/pixel, 44000 MJy/sr, 18000 MJy/sr, 4200 MJy/sr,
96 Jy/beam, 11 Jy/beam and 14 Jy/beam, respectively.
respectively. Assuming a gas to dust ratio of 100, the
dust opacity per unit gas mass is κν = κ0(
ν
ν0
)β , where
κ0 = 0.01 cm
2g−1 is the dust opacity at ν0=230 GHz
derived from Ossenkopf & Henning (1994).
We used a nonlinear least-squares method (the
Levenberg–Marquardt algorithm coded within IDL) to
fit the observed SED with equation (1) assuming a
single dust component (Xue & Wu 2008). Considering
the uncertainties from calibration in all bands and
background substraction in Hershel bands, we used
10% uncertainties for flux densities in SED fit. The
change (from 5% to 20%) of uncertainties does not
affect the SED fit too much. The best fit model
yielded a total dust and gas mass of 2800±200 M⊙,
a total luminosity of (1.7 ± 0.1) × 106 L⊙, a dust
temperature of 35 ± 1 K and a dust opacity index
(β) of 1.5±0.1. The low β is consistent with previous
estimations (Su et al. 2005). Considering that UC Hii
regions have formed in the G9.62 clump, another warm
temperature component should contribute at shorter
wavelengths. However, we failed to fit the SED with
two temperature components due to the lack of data at
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Figure A2. The spectral energy distribution (SED) of the
G9.62 clump. The best-fit SED is shown as a solid line. The
flux at 70 and 450 µm are the sum of the two clumps. The
errorbars of the data were set as 10%, which is smaller than
the mask sizes.
near- and mid-infrared wavelengths. The G9.62 clump
is not visible at shorter (<24 µm) wavelengths due
to the large extinction therein. However, as shown in
the Figure A2, the SED can be well fitted with one
temperature component.
The G9.62 clump in SCUBA 850 µm and PACS
160 µm continuum images has a mean full width at
half maximum (FWHM) deconvolved size (or effective
radius) of ∼0.5 pc. Since SCUBA 850 µm and PACS
160 µm continuum images have better resolution than
SPIRE and LABOCA images, and thus can better
resolve the G9.62 clump, we take R=0.5 pc as the mean
radius of the G9.62 clump. The mean H2 volume density
n can be calculated as n = M4
3
piR3µmH
and the mean
column density N is N=n × 2R. The mean volume
density and column density are ∼ (9.1±0.7)×104 cm−3
and ∼ (2.8± 0.2)× 1023 cm−2, respectively.
7. APPENDIX B
Regions covered by ALMA and 12.8 µm [Ne ii]
observations are shown in Figure A3.
8. APPENDIX C
THE “COLLECT AND COLLAPSE” PROCESS
Is the formation and fragmentation of the G9.62
clump due to the “Collect and Collapse” process as
Hii regions expand into homogenous interstellar medium
(Elmegreen & Lada 1977; Whitworth et al. 1994a,b)?
Whitworth et al. (1994a,b) found that the shocked
shells swept up by Hii regions, which expand into
homogenous interstellar medium, may fragment to form
new generation of stars within Myrs. We investigate
the fragmentation process due to the “Collect and
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Figure A3. The Spitzer/IRAC 8 µm emission is also shown
as gray-scale image. The white contours show the 450 µm
emission. The contour levels are the same as in Figure 1.
The green box marks the region covered by [Ne ii] slides.
The circles present the ALMA imaging area. The primary
beams of ALMA 12-m array are shown in red circles. The
primary beams of ALMA 7-m array are shown in blue circles.
Collapse” process assuming that the G9.62 clump was
collected by the shock fronts induced from Hii regions
“B” and “C” in a homogeneous natal cloud following
Whitworth et al. (1994a,b). The analysis of the “Col-
lect and Collapse” process requires initial hydrogen nu-
clei number density of n0 and the initial sound speed of
the natal cloud as well as total Lyman photon emission
rate of the expanding Hii regions (Whitworth et al.
1994a,b). As outlined by the blue dashed circle in Figure
3, the unperturbed natal cloud may have a radius of
∼1.3 pc (or 50′′). To obtain an approximate initial
hydrogen nuclei number density of n0 as input for the
“Collect and Collapse” model, we assume that the total
mass of the G9.62 clump is distributed homogenously in
a spherical unperturbed natal cloud (with radius of 1.3
pc), which give an estimated n0 of ∼1.0×104 cm−3 (or
mean molecular hydrogen number density of ∼5.2×103
cm−3). The total Lyman photon emission rate ˙NLyc of
“B” and “C” is ∼1.7×1048 s−1 as estimated from radio
continuum emission (Garay et al. 1993). We assume
that the initial sound speed of unperturbed natal cloud
is ∼0.26 km s−1 (T=20 K). Following Whitworth et al.
(1994a,b), we obtain that the time (tfrag), the radius
(Rfrag) and column density through the shell (Nfrag),
the mean mass (Mfrag) and initial separation of the
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resulting fragments (2rfrag), at which fragmentation of
the shocked shell starts are 0.76 Myr, 1.55 pc, 1.6×1022
cm−2, 24.6 M⊙ and 0.52 pc, respectively. However, the
Rfrag is larger than the radius of the Hii region “B”
(15′′, or ∼0.38 pc). The tfrag is much longer than the
dynamical age (tdyn) of the Hii region “B” tdyn ∼ RVS <
0.38 pc
10 km s−1 ∼ 3.7 × 104 yr. The mass of the resulting
fragments (or dense cores) is roughly consistent with the
masses of those dense cores in the ALMA observations.
However, the separation (2rfrag ∼0.52 pc) is about
five times larger than the averaged separation (∼0.1
pc) of the ALMA dense cores. These inconsistences
indicate that the formation and fragmentation of the
G9.62 clump was not determined by the “Collect and
Collapse” process.
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